Abstract The aim of this article was to perform a review of the current literature and to identify studies that highlight the key putative mechanisms associated with increased perioperative risk in patients with obstructive sleep apnea (OSA). We categorized these mechanisms on the basis of specific organ systems, such as cardiovascular and pulmonary systems, as well as risk factors pertaining to anesthesia and surgery (for example, mode of anesthesia and severity of surgery), which may also influence perioperative morbidity and mortality. Using evidence-based clinical practice and expert opinion, we have explicitly described various risk modification strategies for these mechanisms associated with OSA that may be beneficial in guiding best clinical practice with good perioperative outcome. We have also provided a summary table illustrating these factors involved, together with their appropriate risk modifiers.
Introduction
Patients with sleep apnea are at increased risk of numerous perioperative adverse outcomes; in particular, these patients have a greater incidence of cardiovascular complications, which may include cardiovascular collapse and even sudden cardiac death (SCD). A broad diversity of research into a variety of mechanisms alongside specific interventions and risk modifiers involved in reducing perioperative adverse outcomes currently exists.
This review article aims to describe some of the organspecific mechanisms involved in obstructive sleep apnea (OSA) and to sequentially evaluate the effectiveness of certain interventions in reducing the risk of perioperative adverse outcomes.
Cardiovascular Mechanisms of Adverse Outcome
The prevalence of sleep apnea is two to three times higher in those patients who have a history of cardiovascular disease compared to those patients who do not. Similarly, patients with OSA have a higher prevalence of hypertension, cardiovascular disease, and stroke when compared to those without a history of sleep apnea. Intermittent hypoxia in OSA is linked to endothelial dysfunction and impaired vascular control, possibly explaining some of the vascular processes characterizing these disease states [1] .
OSA is associated with significant adverse effects on the cardiovascular system, causing heightened sympathetic drive and activation, changes in heart rate variability, conduction abnormalities, dysrhythmias, and diastolic dysfunction [2] [3] [4] [5] [6] . During the sleep state, significant periods of tachycardia and hypertension occur episodically in accordance with changes in sympathetic nerve activity (SNA). These events are explained by varied chemoreceptor responses to hypoxia and hypercarbia. Extremes of hypoxia and hypercarbia affect both the frequency and amplitude of SNA [7, 8] . More severe periods of hypoxemia during periods of prolonged apnea cause greater SNA, and therefore more frequent occurrences of tachycardia, vasoconstriction, and severe hypertension. This tonic vasoconstriction results in phasic hypertension, secondary to the sudden surges in cardiac output seen during epochs of post-obstructive ventilation.
The relationship between OSA and heart rate variability has been described eloquently. Narkiewicz et al. [9] showed that RR interval was significantly reduced in cases of moderate to severe OSA, and also that RR interval variability was reduced in patients with OSA, regardless of disease severity. OSA also considerably affects atrial and ventricular conduction pathways, resulting in altered P wave duration, QT prolongation, QT dispersion, beat-tobeat variability in QT intervals, and prolonged T-wave peak and end [10 • , 11-13] . It has been found that the association of OSA in adult patients with permanent pacemaker devices is as high as 59 % [14] . Sinus bradycardia, sinus arrest, and second-degree (Mobitz type 1) heart block are common in younger patients, whereas atrial arrhythmias and ventricular ectopics are much more common in older patients [15] [16] [17] . It is also thought that younger adults with OSA may be more likely to have hypertension and atrial fibrillation and to have an increased risk of greater, all-cause mortality [18] .
All of these changes are consistent with heightened SNA during sleep apnea. Long-term, untreated obstructive apneas are associated with the development of increased myocardial wall stress, diastolic dysfunction and atrial remodeling. Wachter and et al. [19] recently showed that moderate to severe OSA is independently associated with diastolic dysfunction in patients with risk factors for cardiovascular disease. They performed comprehensive echocardiography and tissue Doppler and found that the prevalence of diastolic dysfunction increased with the severity of sleep apnea from 44.8 % (none) to 56.8 % (mild) and 69.7 % (moderate to severe OSA) [19] . Dimitri and et al. [20] studied patients with OSA undergoing ablation of paroxysmal AF and in sinus rhythm, against a control group of patients undergoing the same procedure without OSA. They concluded OSA to be associated with significant atrial remodeling characterized by atrial enlargement, reduced voltage, conduction abnormalities, and longer sinus node recovery [20] . They found that patients with OSA had no difference in effective refractory periods, but did have prolonged conduction times along the coronary sinus and right atrium, longer P-wave duration, longer corrected sinus node recovery time, lower atrial voltage, slower atrial conduction velocity, and more wider complex electrograms compared to the group of patients without OSA [20] . A recently published, 15-year longitudinal study by Gami et al. [21] followed-up over 10,000 adult patients undergoing their first diagnostic sleep study. The authors assessed the number of patients who had either required incident resuscitation or suffered fatal SCD in relation to the presence of sleep apnea and relevant comorbidities, together with the variables of apnea-hypopnea index (AHI) number and nocturnal oxygen saturation. They found that 142 patients required resuscitation or had fatal SCD after a follow-up of 5.3 years. Using multivariate analysis, the authors concluded OSA to be an independent predictor of SCD. Nocturnal hypoxia also strongly predicted SCD independently of other known risk factors of OSA [21] .
Perioperative Risk Modification
The initiation of positive airway pressure (PAP) therapy has a rapid effect on SNA, resulting in a significant reduction in hypertension and improvement in heart rate variability [22] . Patient compliance with PAP therapy is extremely important, as cessation of treatment is associated with an immediate return of increased SNA and all of its physiological manifestations [23] . PAP therapy has been shown to reduce the incidence of dysrhythmias and ventricular arrhythmias, and also reduce the risk of post-cardioversion atrial fibrillation [17, [24] [25] [26] [27] . QT dispersion abnormalities and atrial remodeling are reversible with PAP therapy [11] . Despite these recommendations for the institution of preoperative and postoperative PAP therapy, there is no randomized, controlled trial-guided evidence of the benefit or even the duration of therapy required for perioperative risk reduction.
Stringent heart rate control with preoperative establishment of beta blockades in appropriate patients may be considered in reducing the incidence of altered cardiovascular dynamics in OSA. However, the mainstay of targeting a reduction in hemodynamic instability leans towards the provision of preoperative and postoperative PAP therapy in compliant patients.
Pulmonary Mechanisms of Adverse Outcome
Dynamic and static pulmonary lung volumes correlate with the patency of the upper airway and pharyngeal muscle collapsibility, thereby suggesting the independent involvement of lung volume physiology in OSA. OSA is also an independent risk factor for difficult and/ or impossible mask ventilation during the induction of anesthesia. Difficulty or inability to mask-ventilate patients with OSA due to collapse of the pharyngeal airway in turn leads to a reduction in lung volumes, and a spiraling sequence of events: basal atelectasis, severe desaturation, altered chemoreceptor response to extremes of hypoxia and hypercarbia, and deleterious cardiovascular effects, the majority of which were mentioned earlier.
Isono et al. assessed the collapsibility of the passive pharynx during general anesthesia with neuromuscular blockade. They showed that the closing pressure of the passive pharynx was significantly greater in OSA patients compared to matched controls without OSA. This may be caused by a higher external tissue pressure on the passive pharynx, due to increased adiposity. Patients with OSA had higher pharyngeal closing pressures at two distinct pharyngeal segments, at the velopharynx (retropalatal airway) and at the oropharynx (retroglossal airway). Retropalatal pharyngeal closing pressures were found to be higher than retroglossal closing pressures in the original study.
The supine position during the emergence phase of anesthesia and extubation can also lead to pharyngeal airway collapse, reduced lung volumes, desaturation, and respiratory decline that are more pronounced in the first 24 h following surgery. This may be compounded by excess opiate administration leading to respiratory depression or inadequate analgesia, resulting in low tidalvolume breathing.
Obesity independently adversely affects lung volumes, with resulting reductions in functional residual capacity (FRC) and encroachment upon lung closing capacity. Obesity, together with pharyngeal collapsibility, causes severe worsening of optimal lung volumes and global respiratory demise.
Perioperative Risk Modification
Increases in lung volume structurally improve pharyngeal collapsibility, especially in obese patients with sleep-disordered breathing. Therefore, optimal lung volume maintenance is of critical importance in reducing the risk of obstructive apneas.
The sniffing head and neck position is traditionally recommended and is more importantly beneficial in OSA patients during both bag-valve mask ventilation, and tracheal intubation due to structural improvement in maintenance of the passive pharyngeal airway, and therefore lung volumes [28] . Ramping patients with blankets placed under the head and shoulders, and the use of special pillows that are currently available on the market help optimize patient positioning during airway management. Airway rescue devices such as the intubating LMA, bougie and video laryngoscopy may be advantageous in successfully and expediently securing a definitive airway.
Tagaito and Isono [28] showed that postural changes from supine to sitting significantly leads to improvement in the collapsibility of pharyngeal airways in anesthetized and paralyzed patients with OSA. Therefore, postural changes from supine to sitting may reduce the occurrence of airway obstruction in patients with sleep apnea.
Provision of weight-loss programs and medical therapy in patients with severe obesity and OSA may be considered favorably in reducing the risk of severe pulmonary complication via improvements in pulmonary lung volume physiology.
Other factors that potentially augment adequate lung volumes include regular intraoperative lung recruitment maneuvers in anesthetized intubated patients [29] , avoidance of supplemental 100 % oxygen for [15 min at emergence from anesthesia [30] , and early initiation of PAP therapy both in the preoperative and postoperative setting [31, 32] . Supplemental oxygen therapy is always an important consideration in postoperative patients, especially when faced with patients with OSA who may be at greater risk of developing respiratory depression. Continuous pulse oximetry and/or capnography are invaluable in the assessment of hypoventilation in the absence of supplementally inspired oxygen [33] .
A randomized, controlled trial by Liao and et al. [34] investigated 177 adult OSA patients undergoing surgery and enrolled them into APAP treatment or control groups. The APAP patients were treated preoperatively with APAP for two to three nights and then postoperatively for five nights. The AHI in the APAP group decreased from 30 to 3 on the third postoperative nights compared to the control group, where AHI increased from 30.4 to 31.9 [34] . This trial has shown the plausibility in the use of both preoperative and postoperative APAP treatment in significantly reducing the risk of postoperative, adverse respiratory events.
The role of perioperative APAP, however, is still unclear as highlighted earlier by O'Gorman et al. [35] . They conducted a randomized, controlled trial in 137 orthopedic patients screened for high risk of sleep apnea. The patients were randomized to receive either postoperative APAP or standard postoperative care. Postoperative APAP treatment did not affect length of stay or alter the rate of postoperative sequelae [35] . Clearly, further studies are needed to better evaluate the benefits of perioperative APAP for patients with OSA.
Metabolic Mechanisms of Adverse Outcome
OSA is an independent risk factor associated with insulin and leptin resistance in both obese and non-obese patients [36] [37] [38] [39] [40] . High SNA and chronic sleep deprivation are likely involved in the mechanism of this metabolic dysfunction phenomenon. The relationship between OSA and fasting hyperglycemia or glucose intolerance may also be a contributing factor implicated in impaired wound healing accelerated by the knock-on effects of the proinflammatory and oxidative stress responses. The systemic effects of altered insulin resistance may also add to cardiovascular misbehavior in OSA via enhanced SNA. Insulin resistance has also been related to increased cardiovascular risk.
The increased incidence of abnormal upper airway and neck fatty deposition in patients with metabolic syndrome may contribute to greater perioperative airway obstruction. Ramachandran et al. [41, 42 • ] have previously demonstrated that the existence of type 2 diabetes mellitus is an independent risk predictor of OSA diagnosis in surgical patients, and that it is also independently associated with early, postoperative respiratory failure.
Perioperative Risk Modification
We suggest preoperative screening of diabetes in patients at high risk for undiagnosed OSA, patients with established but untreated OSA, and patients with OSA on established PAP therapy. Of those patients with diagnosed diabetes, optimal therapy with oral hypoglycemic and/or insulin therapy should be the mainstay of management during the perioperative period. The effects of surgery and proinflammatory pathways can further contribute to an imbalance in glycemic control, and therefore, the monitoring of blood glucose is recommended. Also, the avoidance of high doses of steroids such as dexamethasone, commonly employed to reduce the risk of upper airway edema and postoperative nausea and vomiting, should be carefully considered and used wisely [43] . It is unclear as to whether the effective management of glucose control will result in lower OSA-related perioperative morbidity and mortality. However, the severity of OSA can be perhaps gauged by the existence of this coexisting disease entity, warranting again the appropriate use of perioperative PAP therapy.
Coexisting Disease and Surgical Mechanisms of Adverse Outcome
Perioperative outcome research relevant to OSA suggests that OSA is independently associated with a two-to sixfold increase in adverse cardio-pulmonary events [44] . Highrisk features of OSA including morbid obesity (BMI [40) , diabetes, and hypertension (BP [140/90) are also independently associated with adverse postoperative outcomes [42 • , 45] . A positive correlation between increasing BMI and sleep apnea severity has been supported. A 10 % increase in weight predicted a sixfold increase in the odds of developing moderate to severe OSA [46] . Postoperative days 1, 2 and 3 following surgery represent a critical time-period for unanticipated respiratory decline and unplanned tracheal re-intubation. Ramachandran et al. [42 • ] showed that half of all 30-day pulmonary outcomes occurred in the first 3 days after surgery, affecting 0.9 % of 222,094 patients. Several of the risk factors identified are in common with risk factors for OSA.
Perioperative Risk Modification
Severity of surgery plays an important role in determining the postoperative disposition and duration of monitoring after surgery. The American Society of Anesthesiologists' scoring system for OSA suggests major surgery and airway surgery under general anesthesia to be associated with significantly higher risk of perioperative adverse outcomes [47] . Consultant opinions regarding procedures that may be performed safely on an outpatient basis for patients at increased perioperative risk from OSA include the following: superficial surgery under local or regional anesthesia, minor orthopedic surgery under local or regional anesthesia, and lithotripsy [47] . Conversely, consultant opinion agreed that the following surgeries are inappropriate in an outpatient setting: adult airway surgery, such as uvulopalatopharyngoplasty (UPPP), tonsillectomy in children below the age of 3, and upper abdominal laparoscopic surgery [47] . The benefits versus the risks of having elective surgery initially needs to be addressed, and patients with OSA must be able to make a fully informed decision as to whether to proceed with surgery in the first place.
Weight loss by any method, including that of bariatric surgery, is well-known to be associated with either a clinical improvement in OSA or complete resolution of symptoms [46] . In a recently published meta-analysis evaluating the effects of surgical weight-loss strategies on the AHI, the reduction in AHI was found to be 71 % [48] . Charuzi et al. [49] demonstrated subjective improvement in symptoms such as improved postoperative sleep quality and reduction in daytime sleepiness after Roux-en-Y gastric bypass and vertical banded gastroplasty. Grunstein et al. [50] and Lettieri et al. [51] demonstrated similar findings with laparoscopic, adjustable gastric-banding procedures.
A variety of upper airway reconstructive surgeries have been performed to help alleviate the symptoms of OSA or even cure it. The literature suggests that maxillomandibular advancement is the most effective craniofacial surgery for the treatment of OSA in adults (86 % effective; 43 % curative) [52] . Despite this, UPPP is the most widely performed OSA upper airway procedure (50 % effective; 16 % curative) [53] . However, UPPP has not been shown to be effective in patients with BMI [ 35 [54] .
Anesthetic Mechanisms of Adverse Outcome
Anesthetics are commonly believed to depress both ventilatory and upper airway dilator muscle activity, thus rendering the upper airway at increased risk of collapse [55] .
During the wakeful state, activated pharyngeal muscle tone promotes upper airway patency and ordered breathing. With both sleep and administration of anesthesia, there is loss of this protective muscle tone, in particular the genioglossus muscle, predisposing to partial or complete upper airway obstruction [53] . This alteration in tone is affected to varying degrees, depending on the type of anesthetic or analgesic culprit. Therefore, careful consideration must be given towards the choice of anesthesia type and analgesia for patients with sleep apnea.
The NMDA receptor antagonist ketamine may increase skeletal muscle tone, activating the genioglossus muscle. However, high-dose ketamine impairs neuromuscular transmission by blockade of acetylcholine receptors. Eikermann et al. [56 • ] showed that ketamine given at doses that preserve breathing provides greater activity of upper airway dilator tone and patency compared with equipotent doses of propofol in the rodent model.
In human subjects, premedication with midazolam strongly inhibits upper airway activity [57, 58] . Propofol is also thought to contribute towards reduced upper airway tone. However, there is a paucity of data in human-defined dose-response relationships with these drugs [57] . Increasing opioid doses increases the rate of clinically significant side effects in patients with sleep apnea. Opioidinduced respiratory depression in OSA may also be augmented by depressed chemosensitivity.
Perioperative Risk Modification
Careful patient screening for OSA and thorough preoperative assessment aids appropriate management planning for these patients undergoing elective surgery. Decisions regarding choice of anesthetic, for example local or regional techniques versus general anesthesia with opiate reduction strategies, will seamlessly provide better postoperative outcomes. Judicious use of ketamine may benefit patients by promoting airway stability. Ketamine also helps reduce perioperative opiate use, and potentially reduces the risk of respiratory depression in patients with moderate to severe pain.
Opioid dose reduction is possible with several analgesic techniques and medications. It is important to recognize drug-and procedure-specific differences. Short-term pain control is improved by a reduction in the use of opiates. Despite the known relationship between opioid dose and postoperative adverse respiratory effects, opiate risk reduction strategies have shown no benefit in prospective studies. Brown et al. [59] found no relationship between prospective opioid dose predictions and reduced postoperative hypoxemia. Brown and coauthors [60] in a later article, however, did indicate that children with OSA required 50 % less fentanyl. This inability to prospectively reduce respiratory events with protocol-driven opioid reduction strategies likely reflects the complex interactions between pain, arousal thresholds, and chemosensitivity itself.
Tracheal intubation with the use of general anesthesia remains the mainstay of airway management, regardless of surgery type and duration, allowing the control of adequate ventilation, provision of optimal lung volumes, and avoidance of hypoxia and hypercarbia with continuous monitoring of pulse oximetry and capnography.
Early initiation of PAP therapy and continuation of this into the early postoperative period is highly recommended, together with continuation of noninvasive monitoring in the form of pulse oximetry and modified early warning scores for respiratory decline are important [61] [62] [63] [64] . Fascinatingly, the field of anesthesia may see resurgence in the use of inhaled carbon dioxide in the future for patients with OSA, which has been shown to increase the tone of the genioglossus musculature, promoting patency of the upper airway [65 •• ] .
Inflammatory and Oxidative Stress Mechanisms of Adverse Outcome
Several studies have demonstrated a heightened inflammatory state in patients with OSA and co-existing disease states, further contributing towards adverse, postoperative morbidity and mortality. The combined effects of continued repetitive cycles of hypoxia and chronic sleep deprivation may be associated with enhanced leucocyte activation and elevated plasma levels of cytokines, adhesion molecules [66, 67] , serum amyloid [68] [69] [70] and C-reactive protein [38, 67, 71, 72] .
A likely mechanism for adverse perioperative outcomes in OSA patients may be via enhanced oxidative stress and injury due to the uncoupling of cyclical deoxygenation and reoxygenation. An increase in certain markers of oxidative stress in these patients includes thiobarbituric acid-reactive substances, isoprostanes, nitrotyrosine and oxidized, lowdensity lipoprotein [73] [74] [75] [76] .
Perioperative Risk Modification
The effect of PAP therapy on inflammation is variable, with some studies showing benefit, and others showing no benefit. A meta-analysis by Guo et al. [77] showed a reduction in C-reactive protein values with PAP therapy in OSA patients. Other studies describe a beneficial effect on pulmonary and nasal inflammatory markers, but a lack of effect on systemic markers [76, 78] . Treatment with PAP is associated with a reduction in the oxidative stress marker nitrotyrosine and a reduction in rates of pneumonia [76] . Interestingly, cessation of PAP therapy is associated with an increase in urinary catecholamines, but not markers of systemic inflammation [79] .
Conclusion
Perioperative risk modification in OSA is an evolving science, and continued research into this area is still forthcoming. Complex relationships between anesthesia, sleep deprivation, sleep-disordered breathing, and pain renders patients with sleep apnea at the greatest risk of respiratory failure within the first 72 h of anesthesia, with the highest risk being on the first postoperative night. Rigorous evidence for any single intervention in these patients is still undetermined. Currently, there is lack of clarity with regard to how much of the mechanisms described in this article involving OSA are actually modifiable.
Utilization of careful patient selection and screening, the decision to provide appropriate and necessary surgical procedures, opioid reduction strategies with the development of perioperative OSA protocols, and the availability and accessibility of respiratory therapy teams is associated with improved outcomes (Table 1) . Traditional risk modification strategies include the provision of preoperative and postoperative PAP therapy. However, due to the fact that the first 24 h following surgery is the most critical period, it is possible to suggest that more intensive monitoring and clearer thresholds for PAP therapy are instituted for the highest-risk patients. For patients who are discharged home on the same day of surgery, sleeping in a head-elevated position or beach chair position may significantly reduce the risk of apneas on the first postoperative night.
The key aspect in perioperative risk modification is the need for continued research in this area, development of protocols that identify the high-risk patient, use of appropriate monitoring, determination of appropriate thresholds for initiation and duration of PAP therapy, and identification of parameters for the escalation of care. 
